The nasal pathway represents an alternative route for non-invasive systemic administration of drugs. The main advantages of nasal drug delivery are the rapid onset of action, the avoidance of the first-pass metabolism in the liver and the easy applicability. In vitro cell culture systems offer an opportunity to model biological barriers. Our aim was to develop and characterize an in vitro model based on confluent layers of the human RPMI 2650 cell line. Retinoic acid, hydrocortisone and cyclic adenosine monophosphate, which influence cell attachment, growth and differentiation have been investigated on the barrier formation and function of the nasal epithelial cell layers. Real-time cell microelectronic sensing, a novel label-free technique was used for dynamic monitoring of cell growth and barrier properties of RPMI 2650 cells. Treatments enhanced the formation of adherens and tight intercellular junctions visualized by electron microscopy, the presence and localization of junctional proteins ZO-1 and b-catenin demonstrated by fluorescent immunohistochemistry, and the barrier function of nasal epithelial cell layers. The transepithelial resistance of the RPMI 2650 cell model reached 50 to 200 X 9 cm 2 , the permeability coefficient for 4.4 kDa FITC-dextran was 9.3 to 17 9 10 -6 cm/s, in agreement with values measured on nasal mucosa from in vivo and ex vivo experiments. Based on these results human RPMI 2650 cells seem to be a suitable nasal epithelial model to test different pharmaceutical excipients and various novel formulations, such as nanoparticles for toxicity and permeability.
Introduction
Exploring different alternative routes for systemic drug delivery is a great challenge in pharmaceutical development. Besides conventional topical treatments, the nasal route can be also exploited for systemic, non-invasive delivery of drugs (Illum 2003) . Intranasal administration can be especially effective in crisis treatment like in migraine or epilepsy, due to the rapid absorption of drugs through the highly vascularised nasal mucosa. The nasal route is also favourable for the delivery of peptides such as calcitonin, buserelin, due to the avoidance of the metabolism in the gastrointestinal tract. The most relevant anatomical region in the nasal cavity concerning systemic nasal drug delivery is the respiratory epithelium lining the middle and inferior turbinate (Schmidt et al. 1998) . For successful formulation of a nasal delivery system, testing on reliably established in vitro cell culture, ex vivo tissue and in vivo animal models are crucial (Chien et al. 1992) .
The physiological conditions of the human nose, temperature of 30°C and pH 5.6, can be mimicked by in vitro conditions. These conditions alter the extent of dissolution of an active agent in a pharmaceutical formulation and they need to be taken into consideration in nasal preparations (Kürti et al. 2011) . Ex vivo excised animal tissue models are frequently utilized for nasal drug absorption studies (Wadell et al. 1999 (Wadell et al. , 2003 Schmidt et al. 2000) . Several in vivo models of rat, rabbit, dog, sheep, and monkey were reported to deliver pharmacons via the nasal route (Chien et al. 1992; Costantino et al. 2007; Horvát et al. 2009 ). However, there are several disadvantages of the ex vivo tissue and in vivo animal models, including differences between the species in enzyme activities or in cell type distribution, and specialities in many anatomical and physiological features in various animal nasal cavities, compared with those of the human (Chien et al. 1992) .
In vitro cell culture models of the human nasal epithelium based on primary culture technologies have proven to be useful for studies of nasal epithelial permeability and drug absorption (Lin et al. 2005) . However limiting factors hinder the widespread usage and usefulness of in vitro primary nasal cell culture models. The shortage of human nasal tissue and the low reproducibility have prompted to seek an alternative to primary cultures of nasal epithelial cells, that is, the use of nasal epithelial cell lines. Cultured immortalized nasal epithelial cells are widely used models for drug toxicity and metabolism studies, since they are known to express important biological features like intercellular tight and adherens junctions, mucin secretion, cilia, and various transporters, resembling those found in in vivo systems (Schmidt et al. 1998) . The use of an immortalized cell line has the advantages of ease of culture, lower cost, genetic homogeneity and reproducibility of the results.
RPMI 2650 is the only human nasal epithelial cell line derived from a spontaneously formed tumour. Although this cell line originates from an anaplastic nasal septum tumour, its properties are closely related to normal human nasal epithelium concerning its karyotype (Moorhead 1965) , its cytokeratin polypeptide pattern (Moll et al. 1983) , and the presence of mucoid material on the cell surface (Moore and Sandberg 1964) . This particular cell line has been mostly used for nasal metabolism studies and toxicity assays (Kürti et al. 2012) and less for permeability studies, since there are conflicting reports with regard to the ability of these cells to form monolayer. Some experts claim that RPMI 2650 nasal epithelial cells do form monolayer (Bai et al. 2008) while others described that they grow in clumps rather than in monolayer (De Fraissinette et al. 1995) . Poor differentiation and lack of polarization have also been reported for this cell line (Werner and Kissel 1996) . Furthermore, there are inconclusive data on the ability of RPMI 2650 cells to form tight junctions, though there is evidence that they can form perijunctional F-actin rings (Werner and Kissel 1996) . Due to these reasons RPMI 2650 human nasal epithelial cell line is rarely used for nasal transport studies (Bai et al. 2008; Wengst and Reichel 2010) .
The criteria for transport experiments with RPMI 2650 human nasal epithelial cell culture model are (1) the formation of confluent cell layers, (2) the expression and correct localization of intercellular junctional proteins, (3) the functional barrier properties measured by transepithelial electric resistance and permeability coefficients for drug or marker molecules. The paracellular permeability, one of the most important determinants of drug transport, of various epithelial tissues and barriers differs greatly (Deli 2009 ). Transepithelial resistance, measuring paracellular ion flux and reflecting the tightness of the intercellular junctional complex, is low in the nasal mucosa, which is considered as a leaky epithelial tissue. The tight junctions in the epithelium of the small intestine, the stomach and the colon are of intermediate tightness, while endothelial cells of brain capillaries and skin epithelial cells form very tight paracellular barriers (Deli 2009 ).
Cell proliferation and differentiation during culturing can be affected by many factors, including surface coating, cell seeding density, interface composition, concentration of serum in the cell culture medium and application of growth and differentiating factors. Retinoic acid, a metabolite of vitamin A, hydrocortisone, a glucocorticoid hormone and cyclic adenosine monophosphate (cAMP), a second messenger, which influence barrier formation and function of epithelial and endothelial cell layers were selected for the study (Yoon et al. 2000; Deli et al. 2005) .
There is a need for in vitro systems to test the epithelial toxicity and permeability of nasal pharmaceutical formulations. The aim of our work was to characterize and improve RPMI 2650 model for pharmaceutical screening purposes. The effects of growth and differentiating factors on the barrier function of the nasal epithelial cell layers were tested by both morphological and functional methods. Realtime cell electronic sensing (RT-CES) was used for dynamic monitoring of the barrier properties of nasal epithelial cells for the first time.
Materials and methods
All reagents were purchased from Sigma-Aldrich Ltd., Hungary, unless otherwise indicated.
Cell culture RPMI 2650 (ATCC cat. no. CCL 30) cells were grown in Eagle's minimal essential medium (MEM) supplemented with 10 % foetal bovine serum (FBS) and 50 lg/mL gentamicin in a humidified 37°C incubator with 5 % CO 2 . The cells were seeded on rat tail collagen (0.05 v/v%) coated culture dishes at a density of 5 9 10 5 cells/cm 2 and the medium was changed every 2 days. When RPMI 2650 cells reached approximately 80-90 % confluency in the dish they were trypsinized with 0.05 % trypsin-EDTA solution. For the cell viability assays cells were passaged to 96-well plates, for immunostaining cells were cultured on glass coverslips. For permeability studies cells were cultured on Transwell filter inserts (polycarbonate membrane, 0.4 lm pore size, 1.1 cm 2 surface area, Corning Costar Co., MA, USA). All surfaces were coated with 0.05 v/v% rat tail collagen before cell seeding. Cell growth and morphology were monitored using a Nikon Eclipse TE2000 microscope (Nikon, Japan).
Electron microscopy RPMI 2650 cells grown on Transwell filter membrane were fixed with 3 % paraformaldehyde in 0.05 M cacodylate buffer (pH 7.5) for 30 min at 4°C. After washing with cacodylate buffer several times, the membranes of the culture inserts with the cells were removed from their support and placed into 24-well chamber slide and were postfixed in 1 % OsO 4 for 30 min. Finally the membranes of the culture inserts with the cells were removed from their support and embedded in Taab 812 (Taab; Aldermaston, UK). Following polymerisation at 60°C for 12 h, ultrathin sections were cut perpendicularly for the membrane using a Leica UCT ultramicrotome (Leica Microsystems, Milton Keynes, UK) and examined using a Hitachi 7100 transmission electron microscope (Hitachi Ltd., Japan). Electron micrographs were made by Megaview II (lower resolution, Soft Imaging System, Germany). Brightness and contrast were adjusted if necessary using Adobe Photoshop CS3 (CA, USA).
Immunohistochemistry
To stain for junctional proteins RPMI 2650 cells cultured on rat tail collagen coated glass coverslips were washed in phosphate buffered saline (PBS) and fixed with 4 % paraformaldehyde-PBS for 30 min. After washing with PBS cells were blocked with 3 % bovine serum albumin (BSA) in PBS and incubated with primary antibodies anti-ZO-1 and anti-b-catenin (both from Invitrogen, CA, USA) for 1 h and 30 min. Incubation with secondary antibody Cy3-labeled antirabbit IgG and Hoechst dye 33342 to stain cell nuclei lasted for 1 h. Between and after incubations cells were washed three times with PBS. Coverslips were mounted in Gel Mount (Biomeda, USA) and staining was examined by Olympus Fluoview FV1000 confocal laser scanning microscope.
Treatments
The effect of retinoic acid (RA) was tested in three different concentrations 0.01, 100, 300 lg/mL. Hydrocortisone (HC) was examined at 500 nM; 8-(4-chlorophenylthio) adenosine 3 0 ,5 0 -cyclic monophosphate Cytotechnology (2013) 65:395-406 397 sodium salt (CPT-cAMP) at 250 lM in the presence of 17.5 lM 4-(3-Butoxy-4-methoxybenzyl)-2-imidazolidinone (RO20-1724, Calbiochem, Germany).
Cell viability assays
Lactate dehydrogenase (LDH) release, the indicator of cell membrane damage and necrotic cell death, was determined from culture supernatants by a commercially available kit (Cytotoxicity detection kit LDH, Roche, Switzerland). For LDH release assay RPMI 2650 cells were cultured in 96-well plates. After 24-h treatments with growth and differentiating factors 50 lL samples from culture supernatants were incubated with equal amounts of reaction mixture for 15 min. The enzyme reaction was stopped by 0.1 M HCl. Absorbance was measured at a wavelength of 450 nm with a microplate reader (Fluostar Optima, BMG Labtechnologies, Germany). Cytotoxicity was calculated as percentage of the total LDH release from cells treated with 1 % Triton X-100 detergent. Living cells convert the yellow dye 3-(4,5-dimethyltiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to purple, insoluble formazan crystals. RPMI 2650 cells were cultured in 96-well plates. After treatments the cells were incubated with 0.5 mg/mL MTT solution for 3 h in CO 2 incubator. The amount of formazan crystals was dissolved in dimethyl-sulfoxide and determined by measuring absorbance at 570 nm with a microplate reader (Fluostar Optima, BMG Labtechnologies, Germany).
Real-time monitoring the biological status of the human RPMI 2650 nasal epithelial cells Real-time cell electronic sensing (RT-CES) is a labelfree technique for dynamic monitoring of living cells (Xia et al. 2008; Muendoerfer et al. 2010 ). The xCELLigence system (Roche, Switzerland) utilizes an automatical and continuous electronic readout called impedance to non-invasively quantify adherent cell proliferation and viability in real-time. A special 96-well E-plate (Roche, Hungary) contains gold microelectronic sensor arrays. The interaction between cells and electrode generates impedance response that correlates linearly with cell index reflecting cell number, adherence and cell growth (Ó zsvári et al. 2010) . The E-plate was coated with 0.2 % gelatine in PBS solution for 20 min at 37°C.
Culture medium (80 lL) was added to each well for background readings, then 80 lL cell suspension was dispensed at the density of 6 9 10 3 cells/well. A cells were kept in incubator at 37°C for 30 h and monitored every 5 min. The cell index at each time point was defined as (R n -R b )/15, where R n is the cellelectrode impedance of the well when it contains cells and R b is the background impedance of the well with the medium alone.
Measurement of transepithelial electrical resistance
Transepithelial electrical resistance (TEER), representing the permeability of tight junctions for sodium ions in culture conditions, was measured by an EVOM resistance meter (World Precision Instruments Inc., USA) using STX-2 electrodes, and it was expressed relative to the surface area of epithelial layers (X 9 cm 2 ). The TEER of nasal epithelial cell layers varied between 50 and 200 X 9 cm 2 . RT-CES made it also possible to monitor the TEER changes after treatments. TEER values (R n ) were calculated from cell index and background impedance by the equation given in the previous section.
Permeability experiments
To measure the flux of fluorescein isothiocyanate labeled dextran (FITC-dextran, mw: 4.4 kDa) across epithelial cell layers RPMI 2650 cells were seeded onto Transwell inserts, grown for 2 days and treated with growth and differentiating factors for 24 h. They were transferred to 12-well plates containing 1.5 mL Ringer-Hepes solution (118 mM NaCl, 4.8 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 5.5 mM D-glucose, 20 mM Hepes, pH 7.4) in the basolateral compartments. In the apical chambers culture medium was replaced by 500 lL Ringer-Hepes containing 100 lg/mL FITC-dextran solution. The plates were kept in a 37°C incubator with 5 % CO 2 for 1 h on a rocking platform. After incubation the concentrations of the marker molecule in samples from the apical and basolateral compartments were determined by a fluorescent microplate reader (Fluostar Optima, BMG Labtechnologies, Germany; emission: 485 nm, excitation: 520 nm). Flux across cell-free inserts was also measured. The apparent permeability coefficient (P app ) was calculated. Cleared volume was calculated from the concentration difference of the tracer in the abluminal compartment (D[C] A ) after 1 h and luminal compartments at 0 h ([C] L ), the volume of the abluminal compartment (V A ; 1.5 mL) and the surface area available for permeability (A; 1.1 cm 2 ) by the following equation (Youdim et al. 2003) :
Statistical analysis
All data presented are mean ± SD. The values were compared using the analysis of variance followed by Dunnett tests using GraphPad Prism 5.0 software (GraphPad Software Inc., USA). Changes were considered statistically significant at P \ 0.05. All experiments were repeated at least three times, the number of parallel samples varied between 4 and 12.
Results and discussion
Growth and morphology of RPMI 2650 nasal epithelial cell line RPMI 2650 human nasal epithelial cells reached confluency in 2 days after seeding, which was confirmed by phase contrast microscopy (Kürti et al. 2012) . RPMI 2650 cells grew in mono-or multilayers as in vivo as demonstrated by the electron microscopic images. A cubic and polarized cell morphology, microvilli and mucoid material on the apical surface could be observed (Fig. 1) . Healthy, intact cell constituents, like mitochondria, endoplasmic reticulum and large cell nuclei with few cytoplasm were visualized. Intercellular junctions are important in the paracellular barrier function of the cell layers. Adherens junctional protein b-catenin was detected at the border of RPMI 2650 cells by immunofluorescent microscopy (Fig. 2) . Faint cytoplasmic staining was also visible in agreement with the known signalling mechanism of this protein.
The confluency of cell layers and the presence of intercellular junctions are two crucial points in the establishment of an in vitro system. There were contradictory data in the literature, RPMI 2650 cells did not show differentiation into goblet cells or ciliated cells and did not express tight junctions, they formed clusters with free spaces in between, instead of growing to confluence (De Fraissinette et al. 1995) . In our experiments confluent cell layers and intercellular junctions appeared (Figs. 1, 2 ) which can be explained by the specific culture conditions as follows.
Proper surface coating is a main point in the evaluation of an in vitro model for permeability experiments. The type of the surface on which the cells grow influences the preservation of specific phenotypic characteristics (Gruenert et al. 1995) and the development of specialized epithelial functions such as barrier formation (Yankaskas and Boucher 1990) . The extracellular matrix is the physiological microenvironment for the epithelial cell migration, proliferation, and differentiation; it is an essential element in the development of a successful culture of human nasal epithelial cells (De Fraissinette et al. 1995) . The use of biological matrices, such as collagen, laminin, and matrigel is essential to obtain a stable, well-differentiated and reproducible nasal culture system (Agu et al. 2001 ). In our preliminary experiments several methods were tested, different peptides and also a collagen gel were used for surface coating. The best cell differentiation, functional polarisation, and transepithelial resistance were observed in the case of 0.05 v/v% rat tail collagen coated surfaces in agreement with previous findings (Agu et al. 2001 ). This collagen matrix enhanced the attachment of RPMI 2650 cells and established proper surface for the nasal epithelial cell layers. Polycarbonate membranes coated by rat tail collagen were the most suitable surface for growing nasal epithelial cells for permeability experiments. Rat tail collagen contains mainly collagen type I, which has shown the most promising results concerning other airway epithelial cell cultures as well. This could be related to the fact that the respiratory basement membrane is composed mainly of collagen fibres (Chien et al. 1992) . In our experiments all surfaces were coated with rat tail collagen solution before seeding RPMI 2650 cells.
Appropriate initial cell density is also an important factor in the establishment of a cell culture model of the nasal barrier concerning drug transport (Hellinger et al. 2010 ). An initial cell density of 5 9 10 5 cells/cm 2 was found to be optimal, otherwise RPMI 2650 cells do not reach confluency and form cell clusters which is typical for carcinoid cells and was also observed in previous studies (De Fraissinette et al. 1995) .
Real-time monitoring of the effect of treatments on the nasal epithelial cell layers
We have used microelectric sensing to monitor the biological status of the RPMI 2650 cells in real-time and provide quantitative information on viability, adherence and permeability (Kürti et al. 2012) . RT-CES measures changes in the impedance of individual microelectronic wells, containing gold microelectrodes integrated into the bottom of the culturing plate. Electric impedance correlates linearly with cell index reflecting cell number and growth, and cellmatrix and intercellular adherence (Solly et al. 2004) . Dynamic monitoring of adherent cell proliferation is a unique technique to optimize culture conditions and follow the effect of different treatments. The presence or absence of serum, a major component of cell culture media and the effect of selected bioactive molecules, retinoic acid, hydrocortisone and cAMP were tested to induce better attachment, proliferation and differentiation of human nasal epithelial cells. Cells were let to attach to the microwells of E-plate for 6 h in MEM supplemented with 10 % FBS. The cell index grew dynamically during that period (Fig. 3a) . Then the medium was replaced by fresh culture medium containing 0, 5 or 10 % FBS. In the absence of serum the cell index did not increase further in the next 24 h. The presence of serum resulted in the elevation of RPMI 2650 cell index measured by RT-CES as shown on Fig. 3a . MEM supplemented with 10 % FBS induced the highest cell index, which reflected better cell attachment and growth (Fig. 3a, b) . Serum is a source of adhesion promoting components, nutrients and trace minerals, transport and stabilizing proteins like transferrin and albumin, growth factors and hormones (Lechner 1984) which might have contributed to better cell growth and attachment, and higher cell index. Serum may also contain factors that regulate the formation of tight junctions in epithelial cells (Hashimoto and Shimizu 1993) . In agreement with these data, the use of serum at 5-10 % as a medium supplementation was recommended for better attachment and long-term viability in primary cultures of nasal epithelial cells (Usui et al. 2000; Agu et al. 2001) . Longer incubation with serumsupplemented medium also induced squamous, terminal differentiation of human airway epithelial cells (Wu et al. 1986) .
Retinoids regulate the growth and differentiation of normal, premalignant and malignant cell types, especially epithelial cells, mainly through interaction with nuclear retinoic acid receptors and retinoid X receptors (Bogos et al. 2008) . Vitamin A deficiency induces replacement of the normal pseudostratified mucociliary epithelium by a metaplastic stratified squamous epithelium in vivo. Although retinoic acid is crucial in the development of mucosecretory phenotype of human airway epithelial cultures, its use as a medium supplementation is debated (Gray et al. 1996; Yoon et al. 2000) . In the presence of retinoic acid epithelial cultures show mucociliary differentiation and cuboidal phenotype. The minimum required concentration of retinoic acid for airway cultures was suggested to be 0.3 lg/mL (Yoon et al. 2000) . Well-differentiated mucociliary phenotype of human nasal epithelium cultures was also reported without retinoids (Van Scott et al. 1988; Werner and Kissel 1995; Agu et al. 2001) . Retinoic acid at 0.01 lg/mL concentration had no effect on a nasal model based on RPMI 2650 cells (Wengst and Reichel 2010) .
In the present experiments retinoic acid enhanced the cell index of human RPMI 2650 cells in a dosedependent manner (Fig. 3c) . The cell index of the RPMI 2650 layers was significantly increased following a 24-h retinoic acid treatment at 300 lg/mL concentration; although the other lower doses (0.01 and 100 lg/mL) had no effect. We could confirm the absence of efficacy at the lowest dose on this cell line (Wengst and Reichel 2010) . The effect of retinoic acid was independent from the presence of serum and it elevated the cell index compared to the control groups at all serum concentrations tested (Fig. S1A) .
Hydrocortisone in physiological concentration of 500 nM also increased the cell index of human nasal epithelial cells (Fig. S1B ). This finding is in agreement with data on the favourable effect of hydrocortisone on epithelial cells described previously (Wu et al. 1986; Van Scott et al. 1988) . Hydrocortisone is a potent inducer of the formation of barrier properties in cultured endothelial cells (Perrière et al. 2007; Nakagawa et al. 2009) , and the increase in the cell index of RPMI 2650 layers may be also related to the formation of a tighter barrier. Cholera toxin, which acts through cAMP as a second messenger, improves cell growth and inhibits the differentiation-inducing activity of serum (Lechner 1984; Wu et al. 1986) . Several studies have shown that the levels of cAMP are inversely related to the rate of cell division, with high levels present in non-dividing cells (Otten et al. 1972; Bombik and Burger 1973) . In brain endothelial cells cAMP is a strong inducer of barrier functions (Deli et al. 2005) . However, in contrast to our previous findings on brain endothelial cells and to the effects of retinoic acid and hydrocortisone on RPMI 2650 cells no increase of cell index was seen in nasal epithelial cells treated with 250 lM cAMP either in the presence or absence of serum (Fig. S1C) . Retinoic acid, hydrocortisone and cAMP in the tested doses did not decrease epithelial cell viability measured by MTT dye conversion assay and LDH release test (Fig. S2 ).
Comparing the effects of different bioactive molecules, retinoic acid was the most effective inducer of cell index in RPMI 2650 cells (Fig. 3d) . The highest cell index could be observed in the case All epithelia have at least one important function in common: they serve as selective permeability barriers, separating fluids on either side that have a different chemical composition. In polarized epithelia, tight and adherens junctions can be detected at the apical region of the intercellular cleft and appear as a zipper-like seal between adjacent cells. Intercellular junctions are involved in the control of epithelial paracellular permeability (Deli 2009) . They also promote cell-to-cell communication and transfer signals that mediate contact inhibition of cell growth, increase resistance to apoptosis, and regulate cell shape and polarity (Bauer et al. 2011) .
To differentiate between the effects of the tested treatments on cell growth or barrier formation the ultrastructural barrier properties of nasal epithelial cells were examined by transmission electron microscopy. Treatments with retinoic acid, hydrocortisone or cAMP increased the number and length of intercellular junctions and focal adhesions as shown on representative images (Fig. 1) . Interestingly, cAMP treatment, which had no effect on cell index resulted in longer intercellular connections and tight junctions (Fig. 1d) , an observed tendency.
The immunostaining and localization of adherens and tight junctional proteins were also changed in human RPMI 2650 cells by treatments. Immunostaining for adherens junction protein b-catenin and tight junction related protein ZO-1 were more intense and better localized to the cell periphery in RPMI 2650 cells treated with retinoic acid, hydrocortisone or cAMP then in the control group (Fig. 2) .
Permeability experiments with a paracellular marker molecule RPMI 2650 cells achieved confluency within 2 days on collagen coated polycarbonate membranes in the culture conditions described above. The presence of intercellular junctions was confirmed by electron and immunofluorescent microscopy. Besides morphological characterisation, the functional properties of RPMI 2650 nasal epithelial layers, like transepithelial electric resistance and paracellular permeability, were also investigated.
Retinoic acid and hydrocortisone significantly decreased the paracellular permeability for FITCdextran 4.4 kDa and increased the transepithelial resistance of nasal epithelial cell layers (Fig. 4) . These parallel effects indicate strengthened barrier formation in agreement with the morphological observations. While cAMP did not change the epithelial paracellular permeability, interestingly, it significantly decreased the electric resistance of RPMI 2650 cells (Fig. 4) . The reason for this phenomenon might be related to the opening of ion channels, which is a known effect of cAMP (Van Scott et al. 1988) . The flux of FITC-dextran 4.4 kDa from the apical to the basolateral compartments is around 4.5 % in the control group as compared to the amount in the apical compartment at t 0 time point. Treatments with retinoic acid, hydrocortisone or cAMP resulted in 3.2, 2.5 and 4.7 % flux of the marker molecule from the donor to the acceptor compartment. As a comparison, nasal absorption of FITC-dextran 4.4 kDa in rats is 2.2 % of the administered amount (Yamamoto et al. 1993) . Our data on RPMI 2650 cells treated with retinoic acid, or hydrocortisone as an in vitro nasal system are comparable to results from in vivo animal models.
The results of the permeability assays on RPMI 2650 cells with FITC-dextran 4.4 kDa could model the absorption of large molecules like peptides. The nasal pathway can be exploited for systemic peptide delivery due to the advantages of intranasal application (Kissel and Werner 1998; Costantino et al. 2007 ). There are marketed pharmaceutical products for nasal systemic peptide delivery such as calcitonin which is applied in the treatment of osteoporosis, and there is a growing interest for the nasal delivery of biologically active peptides (Illum 2003; Sipos et al. 2010 ).
Conclusions, significance
Biopharmaceutical studies including bioavailability experiments are needed to test nasal formulations of novel active agents. Before in vivo preclinical testing, it is reasonable to screen drug candidates with respect to their permeability through the nasal mucosa and epithelial toxicity by using in vitro models. RPMI 2650 human nasal epithelial cells were able to form confluent multilayers, express intercellular junctions and present some barrier properties similar to in vivo conditions. Using a real-time cell microelectronic sensing technique the kinetic of the cell growth and differentiation of RPMI 2650 cells could be followed for the first time. Treatment with retinoic acid and hydrocortisone reinforced the paracellular barrier both morphologically and functionally. The presented in vitro nasal epithelial model may be applicable to test the toxicity and permeability of pharmaceutical excipients (Kürti et al. 2012 ) and drug candidates.
Novel excipients for nasal formulations need to be investigated for epithelial toxicity and permeability on in vitro nasal models, similarly to the application of the widely used Caco-2 model for testing oral formulations (Sz} uts et al. 2011) . New formulations for systemic nasal drug delivery, like nanoparticles (Kürti et al. 2011) , also need to be screened for nasal cytotoxicity and epithelial permeability. RPMI 2650 cells may serve as a nasal in vitro model to test epithelial toxicity and permeability across the nasal barrier.
